Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) provide a potential source of cells to repair injured ventricular myocardium. CM differentiation cultures contain non-cardiac cells and CMs of both nodal and working subtypes. Direct application of such cultures in clinical studies could induce arrhythmias; thus, further purification of working-type CMs from heterogeneous cultures is desirable. Here, we designed 10 molecular beacons (MBs) targeting NPPA mRNA, a marker associated with working-type CMs and highly up-regulated during differentiation. We examined these MBs by solution assays and established their specificity using NPPA-overexpressing CHO cells as well as hPSC-CMs. We selected one MB for subsequent CM subtype isolation using fluorescence-activated cell sorting because the signal-to-background ratio was the highest for this MB in solution assays and a linear correlation was observed between MB signals and the CM purity in differentiation cultures. Compared with cells with low MB signals, cells positively selected based on MB signal had higher expression levels of genes associated with working-type CMs and lower expression levels of genes associated with nodal-type CMs. Therefore, the MB-based method is capable of separating working-type CMs from nodal-type CMs with high specificity and throughput, potentially providing working-type CMs for biomedical applications.
Introduction
Human cardiac tissues have limited regenerative capacity. Damage in cardiac tissues from ischemia or other pathological conditions can result in heart failure, the leading cause of death in the United States. Human pluripotent stem cells (hPSCs), including both human embryonic stem cells (hESCs) [1] and induced pluripotent stem cells (iPSCs) [2, 3] , hold great promise for cardiac cell therapy due to their ability to generate patient-matched functional cardiomyocytes (CMs) [4] [5] [6] [7] [8] [9] . In preclinical studies, hESC-CMs survived in infarcted rat heart following transplantation and prevented progression of heart failure [10, 11] . Extensive engraftment in infarcted hearts was also achieved in pigtail macaques following transplantation of hESC-CMs at a clinically relevant dose; however, arrhythmias were observed in these animals [12] .
CM differentiation cultures contain a mixture of nodal and working (atrial and ventricular) cardiac subtypes [4] [5] [6] [7] [8] [9] . These subtypes are suitable for different applications: enriched working-type CMs for repairing injured ventricular myocardium, and enriched nodal-type CMs for developing a biological pacemaker. Direct application of the CM mixture could lead to arrhythmias because working-type and nodal-type CMs have distinct electrophysiological properties and functions [4] [5] [6] [7] [8] . Therefore, from both efficacy and safety points of view, highly homogeneous populations of a specific CM type may be required for cardiac cell therapy. To meet this requirement, it is necessary to develop methods for controlling subtype specification during stem cell differentiation and/or isolating individual CM subtypes from differentiation cultures of hPSCs.
While significant improvement has been made in increasing the efficiency of CM differentiation from hPSCs [10, [13] [14] [15] , none of the existing methods can generate homogeneous cell populations for a specific subtype. Further, methods for the isolation and enrichment of each CM subtype have not been established due to the lack of well-defined surface markers. It is desirable to have a new platform that can distinguish and enrich cardiac subtypes with high specificity and throughput.
Molecular beacons (MBs) have the potential to achieve this goal. MBs are stem-loop (hairpin) oligonucleotide probes with a fluorophore at one end and a quencher at the other end [16] . When a MB is in the hairpin conformation, fluorescence of the fluorophore is quenched. Upon proper excitation, fluorescence signals are emitted when MBs are hybridized to their complementary RNA target sequences. Because of these characteristics, MBs targeting specific genes can be used to detect the presence, level and localization of mRNA expression in living cells [16, 17] . They have also been used to identify and isolate stem cells or their derivatives based on specific mRNA expression. For example, MBs specific for stem cell marker Oct4 can distinguish undifferentiated mouse embryonic stem cells from differentiated cells [18] . MBs targeting Sox2, a marker for undifferentiated stem cells and neural stem cells, have been used to sort live undifferentiated stem cells from retinoic acid-treated mouse embryonic stem cells [19] . MBs targeting the specific CM marker myosin heavy chain beta (MYH7) mRNA have recently been used to enrich CMs derived from mouse and human embryonic stem cells [20] .
To date, the use of MBs to target specific mRNAs for isolating human CM subtypes has not been demonstrated. Here we report the development of an MB-based method that was used successfully to detect and separate working-type CMs from hPSC differentiation cultures. Based on the expression of putative subtype-associated genes during CM differentiation, we designed 10 MBs targeting NPPA mRNA and examined the specificity of these MBs using respectively engineered NPPA-overexpressing CHO cells and stem cell-derived CMs. We selected one NPPA-targeting MB that has the highest signal-to-background ratio and delivered this MB via nucleofection into the CM differentiation cultures. We then separated the cells by FACS into two populations based on fluorescence signal from the MBs, one was with high MB signal and positively selected (putative working-type), and the other with low MB signal. Comparison of the expression of specific genes in these two populations of cells confirmed that the MB-based method is capable of separating working-type CMs from nodal-type CMs with high specificity.
Materials and Methods

hPSC culture and CM differentiation
iPSC line IMR90 [3] and the NIH-approved hESC line WA07 [1] (H7, NIHhESC-10-0061, obtained from the WiCell Research Institute, Madison, WI) were maintained in mouse embryonic fibroblast conditioned medium (MEF-CM) supplemented with basic fibroblast growth factor (bFGF) (8 ng/ml) [21] . Cells were passaged for cardiac differentiation 6 days after seeding or until colonies occupied approximately ~80% of the well surface area. Cells were rinsed with 2 ml DPBS and incubated with 2 ml versene (EDTA) for 10 min at 37°C; then versene was aspirated and replaced with 1 ml/well of MEF-CM containing bFGF (8 ng/ ml). Cells were dissociated by gentle flowing of MEF-CM all over the wells and triturating (~15 times) to generate single cell suspension. Further, cells were seeded at a density of 4×10 5 cells in 1 ml of MEF-CM for each well of 24-well Matrigel-coated plates. Cells were fed daily by replacing MEF-CM supplemented with bFGF (8 ng/ml) until compactly covering the wells. Usually, 2 to 4 days after seeding, cells were ready for induction. At the day of induction (day 0), MEF-CM was replaced with 1 ml warm medium (RPMI 1640 + B27 without Insulin) supplemented with 100 ng/ml activin A. After 24 hr (day 1), activin Acontaining medium was replaced with 1 ml warm medium (RPMI 1640 + B27 without Insulin) supplemented with 10 ng/ml bone morphogenetic protein 4 (BMP-4). Then, induced cultures were incubated for additional 4 days without any medium change. From day 5 onwards, BMP-4 containing medium was replaced with 1 ml warm RPMI 1640 + B27 without any growth factors and the medium was replaced on alternate days. Cells were observed under microscope daily for beating cells, which typically started after day 8, and cells were harvested at day 14 to determine CM yield.
MB design
The mRNA sequence of the target gene NPPA was retrieved from NCBI and the secondary structure of the NPPA mRNA was predicted using the online mFOLD server (http:// mfold.rna.albany.edu/?q=mfold). Multiple regions predicted to be single stranded and with 30-70% GC content were selected as target sequences. Oligonucleotides of 17-25 bases long complementary to these target sequences were selected to form the loop region of the MB (Table 1) , and two short (4-7 bases) complementary sequences were added respectively to the 5′ and 3′ ends of loop sequence to form the stem region of the MB (Table 1 and Fig.  1B ). Different stem designs (length and sequence) were compared based on the predicted hairpin structures using the qwikfold server (http://mfold.rna.albany.edu/?q=DINAMelt/ Quickfold), and stems that gave desired melting temperatures were selected to form MBs [22] . To minimize the potential quenching of the dye, special care was taken to avoid a G within 3 bps from the 5′ end where the fluorophore is conjugated. To achieve high specificity, the target sequences of MBs were analyzed using BLAST to screen the Homo sapiens reference mRNA database; only MBs returning e-values less than 1 for the target gene and more than 1 for other genes were selected for synthesis. A fluorophore (FAM or Cy3) and a quencher (Black Hole Quencher 1 or 2) were added to the 5′-and 3′-end of the stem-loop hairpin respectively to form an MB. All HPLC purified beacons were ordered from IDT (Integrated DNA Technologies, Coralville, IA). An oligonucleotide perfectly complementary to the MB loop sequence was ordered as a positive control, and a second oligonucleotide with 6-base mismatches compared with the target sequence was used as a negative control.
Solution assays
The quality of synthesized MBs was determined by measuring the fluorescence of MBs (with a fixed concentration) hybridized to positive and negative control oligonucleotides with varied concentrations. MBs were suspended in Tris-EDTA buffer, pH 8 (100 μM solution) and added to wells in an opaque 384-well plate at a final beacon concentration of 500 nM/well. Increasing concentrations (DNA, 0-500 nM) of 20-30 bp positive-control (complementary) oligonucleotides were then added to the wells and the resulting fluorescence signals were measured. MB Fluorescence was also measured when hybridized to the negative control nucleotides (with 6-bp mismatched) at concentrations of 750 nM and 375 nM. Sample plates were incubated at 37°C for 10 min, and fluorescence was read with a plate reader (Safire, Ex: 490, Em: 525 or Ex: 540, Em: 565 all bandpass filters at 7 nm, Tecan) every 10 min for a total of 30 min. The signal-to-background ratio was defined as the ratio of the fluorescence of an MB in the presence of its target to the fluorescence of the MB in the absence of its target. Normalized signal-to-background ratio was defined as the ratio of the fluorescence of an MB in the presence of its complementary target at the highest concentration to the fluorescence of the MB in the presence of a mismatched target at the highest concentration.
MB delivery
Cells were incubated with accutase for 10-15 min till rounded in shape and then gently pipeted and collected in DMEM containing 10% FBS. Cells were washed once with PBS by centrifuging at 100 g for 5 min. 1×10 6 cells were suspended in 100 μl of Amaxa SF cell line nucleofection solution containing 1 μM molecular beacons. Cell suspension was immediately transferred to nucleofector cuvette and nucleofection was performed in Amaxa Nucleofector II using A033 program. Nucleofected cells were immediately transferred to a 6-well plate containing 1 ml RPMI 1640 medium containing B27 supplement and further incubated at 37°C for 10 min. Cells were collected in a 5 ml tube and spun at 200 g for 5 min and resuspended in 100 μl PBS. Cells were acquired using FACS Canto (FITC channel for FAM and PE channel for Cy3) within an hour of nucleofection.
Establishment of NPPA expressing cell lines
Stable cell-lines (CHO-NPPA cells) were created by expressing NPPA for initial screening of MBs before testing them on CMs. Cells (2.5×10 5 cells/well) were seeded in a volume of 2 ml complete growth medium per well in a 6-well plate, 18-24 hr before transfection at the density of ~80% confluent. The transfection was performed according to the manufacturer's instructions using 9 μl Lipofectamine 2000 reagent (Life Technologies) in 100 μl serumreduced Opti-MEM I medium (Life Technologies) containing 3 μg of pReceiver-M68 vector containing the NPPA gene (GeneCopoeia, Inc). After treatment, the cells were incubated for 24 hr in the culture media. For the generation of stable cell lines, the titration of the selective antibiotic puromycin (Life Technologies) was carried out to generate a killing curve. Different puromycin concentrations were applied (0, 2, 4, 6, 10, 15, 20 μg/ml) onto 1×10 6 CHO cells seeded in the wells of a 12-well plate. For selection of positive cells after transfection, the lowest concentration of puromycin was used in which no cell survived after 7 days. Transfected CHO cells were selected initially at a concentration of 15 μg/ml puromycin in the complete medium. Cells not expressing the construct were killed by puromycin and the concentration of puromycin was lowered to 7.5 μg/ml to maintain the cell line.
Flow cytometry analysis of α-actinin
Differentiation of hPSCs to cardiac cells was analyzed by intracellular staining of α-actinin using flow cytometry. Differentiated cultures at days 14 to 45 were harvested by incubating with 0.25% trypsin-EDTA at 37°C for 10 min and subsequently neutralized by 10% FBS in DMEM. Cells were counted and 0.5×10 6 cells each for α-actinin and isotype control along with compensation controls (unstained, EMA only and α-actinin only) were aliquoted in 15 ml tubes. Then cells were washed once with PBS (5 ml/tube) and resuspended in 0.5 ml staining buffer (SB) (PBS containing 2% heat-inactivated FBS) containing 1 μg/ml ethidium monoazide (EMA) to distinguish live and dead cells and incubated in dark on ice for 15 min. Further, cells were pelleted, resuspended in 1 ml PBS and exposed to bright light for 10 min by placing tubes horizontally on ice bed under a desk lamp. Cells were washed once with 2 ml of PBS and fixed in 2% paraformaldehyde (PFA) at room temperature for 15 min by adding 4% PFA (0.5 ml) in equal volumes of cell suspension. Cells were washed again and resuspended in 100 μl of PBS and then permeabilized by adding 900 μl of ice cold absolute methanol and incubated on ice for 30 min. Cells were washed once and blocked with blocking solution (BS) (20% goat serum (Invitrogen) in SB) at room temperature for 30 min. After blocking, cells were washed and incubated for 20 min at room temperature with antihuman α-actinin mouse IgG1 primary antibody (0.5 μg/test) or mouse IgG1 isotype control (0.5 μg/test) in 100 μl of SB. Cells were washed two times and incubated for 15 min at room temperature in dark with secondary antibody, goat anti-mouse IgG1 conjugated with Alexa-488 (0.5 μg/test). Cells were then again washed three times and resuspended in 200 μl of SB. Stained cells were analyzed by BD FACS Canto II by adjusting voltage and compensation using appropriate excitation and detection channels; FITC and PerCP Cy5.5 for α-actinin and EMA respectively. Forward versus side scatter quadrants were defined and at least 10,000 EMA negative (live) events were acquired. Finally, dot plots were generated upon data analysis using FlowJo software to display the frequency of α-actinin positive cells.
Flow cytometry analysis of MB signals and cell sorting
Negative control cells were nucleofected as aforementioned without any MBs. These cells were used to establish gating parameters for live cells in the forward and side scatter (FSC-SSC) dot plots. Negative control cells in the live cell gate were then used to establish the gating parameters for FITC and Cy3 fluorescence (MB signal), with the maximum negative control representing the minimum threshold. Samples containing MBs were analyzed using the same gates, and only events in the live cell gate and with fluorescence higher than the FITC or Cy3 fluorescence thresholds were counted as MB positive cells. This procedure was followed on Accuri C6, the BD FACS Canto, and the BD FACS Aria flow cytometry systems.
FACS Aria was used for sorting NPPA MB hi (with high MB signal) and NPPA MB lo (with low MB signal) cells. Initial gate was applied in the FSC-SSC dot plot to exclude dead cells and debris. Further, only single cells were included in the analysis based on gating cells under width vs. height. On the Aria, the 488 nm and 561 nm laser powers were both decreased to 25 mW to reduce photobleaching of Cy3 observed with the higher intensity illumination in the Aria system. As analyzed by BD FACSDiva software, after NPPA MB delivery, the cell population with Cy3 fluorescence (MB signal) higher than that in the negative control cells was collected as NPPA MB hi cells and the cell population with Cy3 fluorescence signal comparable to that in the negative control was collected as NPPA MB lo/neg cells.
qRT-PCR
Total RNA was extracted at different time-points during the course of differentiation according to the recommendations of the manufacturer using Aurum total RNA mini kit (Bio-Rad). Briefly, cells were rinsed once with 1 ml PBS in the culture plate and replaced with 350 μl lysis solution supplemented with 1% β-mercaptoethanol, then pipeted up and down several times to lyse the cells thoroughly. Lysed cells were collected in RNAse-and DNAse-free 1.5 ml tubes and kept at −80°C until RNA isolation. Individual RNA sample (1 μg) was reverse transcribed by adding 100 U of Superscript III enzyme and random primers in 20 μl reaction mixture containing Vilo reaction buffer as per manufacturer's instruction in SuperScript® VILO ™ cDNA Synthesis Kit (Life Technologies). Reaction mixture was then incubated at three different temperature cycles: 25°C for 10 min, 42°C for 2 hr and 25°C for 5 min in a Bio-Rad thermal cycler. One reaction without superscript III (minus RT) was also used as a negative control. Further, reaction mixture was diluted 15-times to 300 μl and 2 μl cDNA was used for real-time PCR. Human specific PCR primers (Table S1 ) for different genes were retrieved from open access websites (http://primerdepot.nci.nih.gov/ or http:// pga.mgh.harvard.edu/primerbank/). Real-time PCR reaction was performed in 20 μl mixture containing 2x iTaq SyBr green master mix, 2 μl of cDNA mix, and 200 nM of forward and reverse primers. Reaction cycle was initial denaturation step at 95°C for 10 min, 40 cycles of two-step PCR with 15 s of denaturation at 95°C followed by 1 min of annealing/extension at 60°C. A melt curve was performed for all reactions to check for product integrity and primer-dimer formation as default settings in Applied Biosystems 7500 real-time PCR systems. In this method, mRNA levels for each sample were normalized to the GAPDH or ACTB (β-actin) mRNA levels and expressed as a relative increase or decrease compared with levels in control samples. Data are presented as mean±STD.
Immunocytochemical analysis
CHO cells or CHO-NPPA cells were grown to confluency in LabTek coverslip bottom dishes. Cell media was aspirated and the dish was rinsed with Hank's Balanced Salt Solution. Samples were then incubated with cold 4% PFA in PBS for 10 min. PFA was aspirated, and the dish was rinsed with PBS, with 5 min of incubation time between rinses. Cells were permeabilized using 0.1% v/v Tween 20 in PBS for 10 min at room temperature and then blocked by incubating with 5% goat serum and 0.1% Tween 20 for 1 hr at room temperature. The blocking solution was removed and cells were incubated with mouse monoclonal NPPA antibody (Millipore) at a dilution of 1 to 1000 in PBS with 0.1% Tween 20 overnight at 4°C. Cells were then rinsed 3 times with PBS and 0.1% Tween 20 before incubating with goat-anti-mouse secondary antibody conjugated to Alexa 594 (Life Technologies) at a dilution of 1 to 1000 for 1 hr at room temperature. The secondary antibody solution was then aspirated and cells were incubated for 5 min at room temperature with 1 μg/mL Hoechst stain. Cells were then rinsed another 3 times with PBS before imaging using a Deltavision microscope (Applied Precision) with a 60X oil-immersion lens (NA 1.4).
Results
Identification of optimal subtype-specific mRNAs as MB targets
Previously, we showed that both working-and nodal-type CMs were generated from hPSCs following growth factor-induced differentiation [11] . To facilitate the selection of appropriate subtype-specific mRNAs for MB targeting, we examined the expression of a number of genes during CM differentiation that were reported to be associated with CM subtypes. Monolayer cultures of H7 cells were sequentially treated with activin A and BMP4 for CM induction [10] (Fig. 1A) . Typically, beating cells were observed at days 8-10 and increased in number overtime. Flow cytometry analysis indicated that ~75% CMs were generated at day 14 (Fig. 1B) . A time-course expression analysis was performed using RNA samples of cell cultures collected from days 0 to 14 during differentiation. The qRT-PCR analysis showed expected gene expression patterns for CM differentiation: stem cell markers OCT4 were down-regulated soon after the initiation of differentiation; mesoderm marker T up-regulated and reached the highest level at day 2 and gradually down-regulated afterwards; and subsequently, expression of cardiac progenitor marker NKX2-5 and CM marker cTnT increased (Fig. 1C) . Among cardiac subtype-associated genes, several genes were up-regulated dramatically upon differentiation, including putative working-type CMassociated genes IRX4 [23] , NPPA [24, 25] , NPPB [26] , MYL2 [27] , and MYL7 [28] (Fig.  1D) as well as nodal-type CM-associated genes HCN4 [29] , SHOX2 [30] , TBX3 [31] and TBX18 [32] (Fig. 1E ). However, several other putative subtype-associated genes were detected at similar or decreased levels in differentiation cultures compared with undifferentiated cultures, including SCN5A [26] and GJA1 (connexin 43 or Cx43) [33] [34] [35] for working-type CMs and GJA3 (Cx30.2) for nodal-type CMs [35, 36] (Fig. 1D ). This outcome is likely due to the fact that some of subtype-associated genes are also expressed by other cell types in stem cell cultures. For example, connexin 43 is highly expressed by undifferentiated hPSCs [37] although it is differentially expressed by working-type and nodal-type CMs [33] [34] [35] . Based on these results, we selected NPPA as a target gene for MB design because NPPA showed the largest change in the expression level upon CM differentiation from hPSCs. NPPA, a gene encoding natriuretic peptide A, is a specific marker for the early working-type cells of atria and ventricles in the developing heart [24, 25] , but it is undetectable in pacemaker cells such as sinus nodes and atroventricular nodes.
Design and validation of MBs for targeting NPPA mRNAs
Based on the predicted secondary structure of NPPA mRNA ( Fig. 2A) , we designed 10 MBs using fluorophores FAM or Cy3 at one end of the stem-loop structure with DNA backbone and quenchers BHQ1 or BHQ2 at the other end ( Table 1 , and a representative MB design in Fig. 2B ). To examine the quality of synthesized MBs targeting the NPPA mRNA, we quantified fluorescence signals when MBs were hybridized to perfectly complementary or mismatched synthetic targets using a solution assay. All NPPA MBs except NPPA_D and NPPA_H showed relatively low levels of the signal-to-background ratio (<10) when hybridized to mismatched targets (Fig. S1 ). The fluorescence signal of all NPPA MBs displayed a linear response to increasing concentrations of complementary targets (Fig. 2C and Fig. S2A where representative results are shown). Among all MBs, NPPA_G MB showed the highest normalized signal-to-background ratio (Fig. 2D ). Three MBs (NPPA_D, NPPA_E, and NPPA_F) showing signal-to-background ratios of less than 4 were eliminated from further testing ( Table 1) .
Evaluation of MBs on NPPA-overexpressing CHO cells
To determine whether the MBs can detect NPPA expression in cell culture, we first constructed a positive control cell line by transfecting CHO cells with a plasmid expressing both NPPA and puromycin resistance genes. After puromycin selection, cells were clonally expanded and verified for expression of NPPA by immunocytochemistry and qRT-PCR (Figs. 3A and 3B). We then delivered NPPA-targeting MBs into CHO-NPPA and control CHO cells respectively using the Amaxa Nucleofector. Of the 7 NPPA MBs examined, NPPA_G gave higher fluorescence signal in CHO-NPPA cells than in control CHO cells according to flow cytometry (Fig. 3C) . Under fluorescence microscopy, we observed that the NPPA_G signal originated from cytoplasmic but not nuclear loci in CHO-NPPA cells and was undetectable on control CHO cells ( Fig. 3D ), suggesting that this MB can detect NPPA expression in CHO-NPPA cells. NPPA_I also produced fluorescence signal in CHO-NPPA cells but not in control CHO cells while other MBs had undetectable signal in CHO-NPPA cells ( Table 1) . NPPA_G displayed a higher signal in CHO-NPPA cells than NPPA_I did. Fifty-seven percent of the cells were identified as NPPA positive with NPPA_G ( Fig.  3C ) while only 15% of the cells were identified as NPPA positive with NPPA_I (Fig. S2B ). This observation is consistent with the results shown in Fig. 2D where MBs NPPA_G had higher normalized signal-to-background ratio than NPPA_I.
Specificity of NPPA MBs in stem cell-derived CMs
To determine whether the MBs can detect NPPA expression in hPSC-CMs, we evaluated them using CM differentiation cultures as positive cells and undifferentiated cells as a negative control. To ascertain that MBs can be delivered into these cells using nucleofection, we first transfected a positive control MB in which both arms of the stem were labeled with a fluorophore FAM without a quencher. After MB delivery, positive signals were detected in both CM differentiated cells and undifferentiated cells. We then similarly examined the NPPA MBs ( Table 1 ) and found that only NPPA_G MB resulted in fluorescence signal in CM differentiated cells but no signal in undifferentiated stem cells. NPPA_H, NPPA_I and NPPA_J MBs showed signals in both hPSC-CMs and undifferentiated cells, while NPPA_A, NPPA_B and NPPA_C MBs did not generate any detectable signal in hPSC-CMs (Table 1) .
To examine the specificity of NPPA_G MB with hPSC-CM differentiation cultures, we first compared the NPPA_G MB with MHC1 MB, an MB targeting myosin heavy chain beta (MYH7), which was used successfully to detect total CMs (both working-type and nodaltype CMs) [20] . The two MBs were delivered respectively into a differentiation culture that contained ~89% α-actinin (a CM marker) positive cells (Fig. 4A ). As expected, MB signals were very low in undifferentiated hPSCs, and there were fewer NPPA_MB hi cells (cells with high fluorescence signal from NPPA_G MB) than MHC1 MB hi cells (~55% vs. ~74%, Fig. 4B ) in the differentiation culture. These results suggest that the NPPA_G MB is capable of detecting a subset of the hPSC-CMs. To further establish the specificity of NPPA_G MB, we next prepared cell mixtures containing various ratios of the CM differentiated cells (CMrich) and cells from a mock differentiation culture without growth factor induction (Non-CM) (Fig. 5A) . The CM differentiation culture contained 84% α-actinin positive cells (Fig.  5B) , and the mock differentiation culture contained non-beating cells with a different morphology. The 5 cell mixtures therefore contained 0% to 84% CMs, with ratios of CMrich:Non-CM equal to 0%:100%, 25%:75%, 50%:50%, 75%:25%, and 100%:0%. When detected by NPPA_G MB, these cell mixtures showed 0.3% to 53.6% NPPA MB hi cells (Fig. 5A ). The percentage of NPPA MB hi cells correlated very well with the percentage of CMs (α-actinin positive cells) in the cell mixtures (R 2 =0.9404; Fig. 5C ), suggesting that the NPPA_G MB was able to specifically detect a subset of total CMs in the hPSC-CM differentiation cultures.
Cell sorting using NPPA_G MB
We performed live cell sorting of the cells identified based on NPPA_G MB signal using FACS. A differentiation culture containing 91.6% α-actinin positive cells (Fig. 6A ) was dissociated and delivered with the NPPA_G MB using nucleofection. Cells with high signal from NPPA_G MB (NPPA MB hi ) and those with low MB signal (NPPA MB lo/neg ) were collected following the FACS sorting (Fig. 6B ). To characterize molecular features of these cells, we examined expression of putative markers for CM subtypes by qRT-PCR (Fig. 6C) . Compared with the NPPA MB lo/neg cells, the NPPA MB hi cells showed increased expression of ~3-to 26-fold for 6 genes (out of 7 genes examined) associated with working-type CMs, including GJA1, IRX4, MYL2, NPPA, NPPB, and SCN5A. In addition, compared with the NPPA MB hi cells, the NPPA MB lo/neg cells had ~25-to 300-fold higher expression levels for 5 genes (out of 5 genes examined) associated with nodal-type CMs, including GJC3, HCN4, TBX3, TBX18, and SHOX2, indicating that the NPPA MB lo/neg population contained enriched cells expressing nodal-associated genes. These results strongly suggest that the MB-based approach has the potential as a simple assay to distinguish and separate CM subtypes derived from hPSCs.
Discussion
In this study, we have designed and validated MBs targeting NPPA mRNA a marker known to be associated with human working-type CMs at the early stage. The selection of NPPA as a target for the MB-based approach was also based on our evaluation of relative expression levels of genes associated with CM subtypes during hPSC differentiation. The specificity of the NPPA-targeting MBs was evaluated using different assays: (1) in solution assay when MBs were mixed with perfectly complementary or mismatched synthetic targets, NPPA_G MB showed the highest signal-to-background ratio; (2) using CHO cell lines, NPPA_G MB produced high fluorescence signal in CHO cells overexpressing NPPA but not in the control CHO cells with very low NPPA expression; (3) NPPA_G MB signal enabled the detection of a subset of CMs in hPSC-CMs but not in undifferentiated hPSCs; (4) in hPSC differentiation culture, the percentage of cells detected based on signals from NPPA_G MB was correlated well with the amount of CMs in the mixed cell population; and (5) importantly, two cell populations from hPSC differentiation culture with high and low MB signal separated by FACS showed a gene expression pattern specific for working-type and nodal-type CMs, respectively. Taken together, these results clearly demonstrate the ability of NPPA_G MB to isolate working-type CMs with high specificity.
Our study underscores that the MB-based cell isolation technique requires careful design and evaluation of multiple MBs in the initial screening stage for their sensitivity and specificity. An improved MB technique, such as ratiometric bimolecular beacons (RBMBs), may overcome some of the limitations of conventional MBs for detecting mRNA in live cells [38] . The RBMBs contain a unique structure conjugated with a reference dye, which can significantly reduce false-positive signals and achieve higher sensitivity and specificity.
Overall, the MB-based method can provide a powerful tool for isolating, enriching, and characterizing specific cell types. For the detection of cardiac subtypes, the conventional method is to measure intracellular action potentials from single beating cells using the patch clamp technique, a labor-intensive and time consuming process that requires highly trained electrophysiologists to carry out. Compared with the electrophysiology, the cardiac subtypespecific MBs can be used in a much higher throughput manner. In addition, isolating cells with MBs is a versatile and robust procedure that can be readily applied to many cell types. The NPPA_G MB developed in this study has the potential to be used as a simple and rapid cell-based assay to identify working-type CMs in mixed cell populations and to evaluate the efficiency of CM differentiation into working subtype lineage from hPSCs. A highthroughput and simple assay for the detection of cardiac subtypes will facilitate not only the characterization of cell preparations for therapy or other applications but also basic research on developmental biology in understanding the regulation of subtype specification. Although an electrophysiology approach may still be useful in confirming the specificity of 
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Author Manuscript NPPA MBs, the gene expression profiles of the NPPA MB hi cells in comparison with the NPPA MB lo/neg cells strongly suggest that the NPPA_G MB can specifically isolate working-type CMs.
Although much progress has been made in controlling subtype specification in differentiating stem cells [39] [40] [41] , the generation of pure population of cardiac subtypes is still challenging and a better understanding of molecular regulation of cardiac subtypes is needed in order to generate cells that can meet high standards for clinical and pharmaceutical applications. For example, a homogeneous population of working-type CMs without contamination of nodal-type CMs may be required in order to prevent arrhythmias for cardiac repair. Generation of specific cardiac subtypes will also be advantageous for studying disease mechanisms using patient-specific iPSCs and for improving the accuracy of drug testing using hPSC-CMs. Although cardiac subtypes can also be examined using a reporter gene under the control of a cardiac subtype-specific promoter in genetically modified hPSCs, genetic modification can be a safety hazard in therapeutic applications [42] . In contrast, the MB-based method has the advantage of isolating live cardiac subtypes without genetic modification. Importantly, the resulting cardiac subtypes generated by MBbased sorting can be a great cell source for further investigation of gene expression profiles associated with specific cardiac subtypes, which can in turn lead to the identification of novel gene signatures associated with cardiac subtypes. These MB-isolated cells can also facilitate the study of the specification of cardiac subtypes from hPSCs, leading to the identification of molecular mechanisms governing cardiac subtype specification. Such novel genes and pathways may have implications in cardiac diseases involving these subtypes and can also be exploited to efficiently produce homogeneous cardiac subtypes. For example, identification of a cell surface marker specific to one of the cardiac subtypes may provide a better approach to enrich specific subtype for clinical studies and applications.
Conclusion
We have developed an MB-based approach to isolate human working-type CMs from differentiation cultures of hPSCs by targeting NPPA mRNA, and confirmed the specificity of the MB with different assays. The MB-based method provides opportunities for developing high-throughput assays for detecting cardiac subtypes, and can help accelerate studies to understand the regulation of cardiac subtype specification from hPSCs, therefore facilitating future applications of hPSCs in cardiac cell therapy and other applications.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Solution assays of MBs targeting mRNAs associated with cardiac subtypes. A) Predicted secondary structure of NPPA mRNAs and locations of NPPA MBs. B) structure of NPPA_G MB. MB is an oligonucleotide hybridization probe, hairpin shaped molecule with an internally quenched fluorophore whose fluorescence is restored when it binds to a target NPPA mRNA sequence. C) Solution assay of NPPA_G MB. D) Summary of normalized signal-to-background ratio of MBs in the solution assays (mean±STD, N=3 reactions for each MB). Table 1 Molecular beacon designs for detecting NPPA mRNA 
